Abstract-We have previously demonstrated that high-flow (HF) conditions inhibit experimental intimal hyperplasia.
H emodynamic shear forces have been implicated in the induction and localization of intimal thickening. [1] [2] [3] More specifically, reduced wall shear stress (WSS) has been shown to be associated with enhanced intimal lesion formation in atherosclerosis, 4 vascular grafts, 5 and balloon-injured vessels. 6 Conversely, relative elevations of blood flow and shear stress appear to have an atheroprotective role and inhibit intimal thickening after vascular injury. [7] [8] [9] Hemodynamic forces have been shown to modulate endothelial and vascular smooth muscle cell (VSMC) responses, which involve the induction of cytokines, such as platelet-derived growth factor (PDGF), basic fibroblast growth factor, and transforming growth factor-␤1 (TGF-␤1), 10, 11 in addition to other mediators, such as nitric oxide, 7 tissue plasminogen activator, 12, 13 and matrix metalloproteinases (MMPs), 1 4 involved in vascular remodeling.
TGF-␤1 has been described as a multifunctional regulator; its actions are dependent on species, cell phenotype, growth conditions, and interaction with other growth factors. 15 Several studies have shown that TGF-␤1 inhibits VSMC growth and migration in various species, including human, rat, bovine, and rabbit, 11,16 -19 by inhibiting DNA synthesis 18, 20 and causing cell-cycle arrest at the late G 1 phase. 21 The latter is similar to the manner in which cell growth is inhibited by shear stress. 22 Although in vivo studies have demonstrated that overexpression of TGF-␤1 by direct transfer of TGF-␤1 gene into porcine arteries 23 or systemic administration of TGF-␤1 after balloon injury in rabbits 24 induces extracellular matrix (ECM) synthesis and deposition in arterial wall, the role of flow and related shear-mediated forces in modulating wild-type TGF-␤1 in the arterial wall has not been investigated. In the present study, we determined TGF-␤1 mRNA and protein levels in the injured New Zealand White male rabbit carotid arteries in relation to varying flow and wall shear conditions at 3, 7, and 14 days. Immunohistochemical staining for TGF-␤1 was also examined in the involved arterial segments.
Methods

Animal Model
Adult New Zealand White male rabbits, weighing 3.0 to 3.5 kg and fed normal rabbit chow (nϭ58), were used for the study. Anesthesia was induced with intramuscular injection of ketamine hydrochloride (40 mg/kg) and xylazine (5 mg/kg) and was maintained with 1% halothane via endotracheal intubation. A 2F balloon catheter was introduced twice via the facial branch of the right common carotid artery (CCA) for 10 cm to induce mural endothelial denudation and the usually associated subjacent medial injury of the entire length of the right CCA. The balloon was consistently inflated with 0. 
Flow Modulation and Hemodynamic Measurements
After balloon injury, blood flow in the right CCA was reduced by ligation of 3 of the 4 terminal internal and external branches (nϭ18, low-flow [LF] group) or increased by ligation of the contralateral left CCA (nϭ18, high-flow [HF] group). In another group of animals with right CCA injury, flow was preserved without hemodynamic manipulation (nϭ18, normal flow [NF] group). Four other animals served as sham-operated controls (U-controls) in which neither balloon injury nor flow modulation was performed.
Mean blood flow was measured by use of transit time ultrasound (Transonics Inc) in the right CCA before and after flow modulation. Mean arterial pressure was also monitored before and after flow modulation with an intra-arterial 22-gauge catheter introduced via the facial artery into the distal CCA. Flow and pressure were simultaneously recorded at 200 Hz for 10 seconds with a digital acquisition system (Laboratory Master DMA, Scientific Solutions, Inc) at day 0 and at days 3, 7, and 14. WSS was calculated using the Hagen-Poiseuille formula: ϭ4Q/(r) 3 , where is WSS (dyne/ cm 2 ), is the blood viscosity (0.03 poise), Q is volume flow (mL/s), is 3.14, is 1.25 (the shrinkage index, 25 which is the ratio of artery diameter before and after imbedding in paraffin for histological sections), and r is the arterial radius (cm).
The right CCA was harvested at days 3, 7, and 14 immediately after the flow and pressure measurements. In each of the experimental groups, 3 to 4 cm of the right CCA was prepared for RNA and protein extraction (nϭ4 per time point). Histomorphometric and immunohistochemical studies were performed on 7 and 14 days (nϭ3 per time point).
Histomorphometry
At 7 and 14 days, the rabbits were killed with an intravenous overdose of pentobarbital, and the carotid arteries were fixed in situ via the facial branch by perfusion with 4% paraformaldehyde in PBS, pH 7.0, at 100 mm Hg pressure for 20 minutes. The right CCA was excised and sectioned into four 5-mm segments. Each segment was embedded in paraffin, cross-sectioned at 5-m intervals, and stained with hematoxylin and eosin and Gomori's trichrome aldehyde fuchsin preparation for connective tissue elements. By use of digitized computer-assisted morphometry (Nikon Co), the intimal, medial, and luminal areas were measured with Scion Image software. Luminal radius was calculated from luminal area S (r 2 ), where rϭ(͌S/)ϫ. 
Mural TGF-␤1 Analyses
Total RNA Isolation and Northern Blotting
Total RNA was isolated from carotid arteries by homogenization in 4 mol/L guanidinium thiocyanate-containing mercaptoethanol and extraction with phenol/chloroform. RNA was precipitated at Ϫ70°C with isopropanol and redissolved in distilled water containing 0.1% diethylpyrocarbonate. After denaturation with formamide and formaldehyde, 15 g RNA (as measured at 260 nm) from each sample was electrophoresed in a 1.1% agarose gel. After electrophoresis, RNA was transferred to a nylon filter by capillary blotting for 16 hours and cross-linked by UV light. The filter was then prehybridized in 50% formamide, 1 mol/L NaCl, 10 mmol/L NaH 2 PO 4 , 5ϫ Denhardt's solution, 1% SDS, and 250 g/mL salmon sperm DNA at 42°C for 4 hours, followed by hybridization in the same buffer with 1ϫ10
6 cpm/mL of the 32 P-labeled probe. Incubation was continued overnight at 42°C. The filter was washed with 2ϫ SSC sodium chloride 0.15 mol/L, sodium citrate (0.015 mol/L), and 0.1% SDS three times for 5 minutes each at room temperature, followed by 2 washes in 0.2ϫ SSC and 0.1% SDS for 20 minutes each at 60°C. The filter was subsequently exposed to x-ray film at Ϫ70°C for 72 hours.
Densitometric Analysis
Autoradiographic bands after Northern blotting were quantified by scanning densitometry (Bio-Rad 620 scanner). To correct for differences in RNA loading, the density of the 18S rRNA band on the photographic negative of the ethidium bromide-stained gel was also determined, and the relative densities of the probe and the rRNA band were compared.
Active and Total (Latent Plus Active) TGF-␤1
Protein levels of TGF-␤1 in the uninjured control and injured right CCA segments were measured by ELISA. Samples were extracted by using chilled glass homogenizers in ice-cold PBS (15 mmol phosphate and 135 mmol NaCl, pH 7.2) containing 1% Triton X-100 and 0.1% SDS. A 96-well plate (Costar) was coated with 100 L monoclonal mouse anti-human TGF-␤1 antibody (capture antibody, R & D Systems) in PBS (2 g/mL, pH 7.4) for 16 hours at room temperature. The plate was then washed 3 times with PBS containing 0.05% Tween 20, followed by blocking the plate with PBS containing 5% Tween 20, 5% sucrose, and 0.05% sodium azide for 1 hour at room temperature. Because the monoclonal antibody recognizes only activated TGF-␤1, to quantify total TGF-␤1, its latent form was converted to the active form by acidification with 1.0N HCl for 15 minutes at room temperature and then neutralized with 1.2N NaOH and 0.5 mol/L HEPES. For the active TGF-␤1 assay, equal amounts of samples (20 g) were diluted in 100 L PBS containing 0.1% BSA without acidification. The plate was subsequently incubated with 100 L of sample or standard for 60 minutes at 37°C. After a wash, 100 L polyclonal anti-human TGF-␤1 antibody (detection antibody, R & D Systems) was added into each well, and the plate was incubated for 60 minutes at 37°C. Subsequently, it was washed and incubated with 100 L streptavidin horseradish peroxidase (Zymed) for 30 minutes at room temperature. After another wash, substrate solution containing tetramethylbenzidine (Genzyme) and H 2 O 2 was added for 30 minutes, and then the reaction was stopped by adding an equal volume of 0.5N sulfuric acid. Absorbance at 450 nm was read with use of an ELISA microtiter plate reader, and active TGF-␤1 concentrations were determined from a standard curve, with human recombinant TGF-␤1 used as the standard (R & D Systems). All samples were assayed before and after acidification to determine active and total (active plus latent) TGF-␤1, respectively.
Immunohistochemical Localization of TGF-␤1
Sections were deparaffinized, rehydrated in graded ethanol solution, and incubated with 3% H 2 O 2 in methanol for 10 minutes. Nonspecific binding was blocked with 10% BSA in PBS for 1 hour at room temperature. After a wash in Tris-buffered saline (TBS), the sections were incubated with a polyclonal chicken anti-human TGF-␤1 antibody (R & D Systems) at a concentration of 20 g/mL in PBS overnight at 4°C in a humid chamber. The slides were washed twice in TBS and once in TBS containing 3% BSA and 0.05% Triton X-100 (TBT) and then incubated with biotinylated goat anti-chicken IgG (Jackson Immuno Research) diluted 1/200 in TBT for 30 minutes at room temperature. After a wash in TBS and TBT, peroxidase-conjugated avidin diluted to 20 g/mL (Zymed) in TBS with 0.5% (wt/vol) dried skimmed milk was applied to the sections for 30 minutes at room temperature. Peroxidase activity was developed by incubating sections in 0.05% mol/L Tris-HCl buffer, pH 7.0, containing 0.05% of 3,3Ј-diaminobenzidine and 0.03% H 2 O 2 for 10 minutes. The slides were counterstained with Harris' hematoxylin, dehydrated in ethanol and xylene, and mounted with Permount (Fischer Scientific). Positive control for TGF-␤1 immunostaining was performed on the sections of human carotid plaque. For a negative control, the sections were incubated in PBS without the primary antibody or were incubated with nonimmune rabbit serum.
Data Analysis
Data were expressed as meanϮSEM. The group means were compared by ANOVA, followed by the Scheffé multiple comparison test. A value of PϽ0.05 was considered to be significant.
Results
Hemodynamic Parameters
Mean Blood Flow
Mean baseline blood flow ranged from 17 to 25 mL/min and was similar in all flow groups (22Ϯ1 mL/min). At day 0, in the LF animals, outflow ligation reduced baseline flow by 55%, to 10Ϯ3 mL/min (PϽ0.001), whereas in the HF animals, ligation of the contralateral left CCA increased baseline flow by 50%, to 33Ϯ2 mL/min (PϽ0.001). In the NF animals, blood flow was unchanged. At 3, 7, and 14 days, the blood flow measurements in each group were not significantly different from the initial values recorded on day 0 (Figure 1 ).
Mean Arterial Pressure
Mean arterial pressure in the right CCA ranged from 40 to 62 mm Hg and was not different among the NF (53Ϯ2 mm Hg), LF (55Ϯ4 mm Hg), and HF (51Ϯ5 mm Hg) groups at all time points.
Wall Shear Stress WSS values were not significantly different between U-controls (39Ϯ2 dyne/cm 2 ) and the NF group at 7 days (44Ϯ7 dyne/cm 2 ) and 14 days (46Ϯ11 dyne/cm 2 ). There was a 64% reduction in WSS values in the LF group to 14Ϯ4 dyne/cm 2 and a 62% increase in the HF group to 63Ϯ6 dyne/cm 2 at 7 days compared with values in U-controls and the NF group (PϽ0.001). At 14 days, WSS values were elevated to 63Ϯ11 dyne/cm 2 in the LF group and declined to 48Ϯ7 dyne/cm 2 in the HF group compared with the values at 7 days. These values were not significantly different among the flow groups at this time point (Figure 2 ).
Histomorphometric Analysis
Histomorphometric analysis of arterial cross sections at 7 and 14 days are shown in the Table. At 7 days, intimal thickening was present in only the LF group but not in the HF and NF groups. At 14 days, the intimal area and intima-to-media ratio were 4-and 5-fold greater in the LF group (0.25Ϯ0.05 mm 2 and 0.59Ϯ0.03, respectively) compared with the HF group Figure 1 . Mean blood flow measurements in the injured carotid arteries before and after flow modulation. Data are presented as meanϮSEM (nϭ4 in each group at 3 days, nϭ7 in each group at 7 and 14 days). *PϽ0.05 compared with baseline values of the respective flow group. After flow modulation, blood flow was markedly reduced in the LF group and significantly increased in the HF group compared with baseline at day 0 and before euthanasia (3, 7, and 14 days). In the NF group, blood flow was unchanged. [intima-to-media ratio], respectively). Medial area was not different among the flow groups at either 7 or 14 days. The luminal radius of the injured arteries was not influenced by flow conditions at 7 days compared with the value in uninjured carotid arteries (0.7 mm). At 14 days, there was a 30% decrease in luminal radius (from 0.7 to 0.5 mm) in the LF group and a 7% increase in luminal radius (from 0.7 to 0.75 mm) in the HF group compared with the 7-day measurements. Luminal radius in the NF group was unchanged at 7 and 14 days (0.7 mm).
TGF-␤1 mRNA Levels
Wild-type rabbit TGF-␤1 mRNA was detected in the uninjured carotid arterial segments ( Figure 3A , U-controls), suggesting a constitutive expression of TGF-␤1. At 3 and 7 days, TGF-␤1 mRNA expression in the injured arterial segments was increased in the NF and HF groups compared with the U-control and LF groups, as represented in Figure 3A . Relative mRNA levels were determined by densitometry and expressed as a fold of U-control values ( Figure 3B ). There were 1.5-and 2-fold increases in TGF-␤1 mRNA levels in the NF and HF groups, respectively, compared with U-controls (PϽ0.05) at 3 and 7 days. Conversely, TGF-␤1 mRNA levels in the LF group were similar to levels in U-controls at corresponding time points. Within the injured arterial segments, TGF-␤1 mRNA levels were 50% and 30% less in the LF group and 20% more in the HF group compared with levels in the NF group at 3 and 7 days, respectively. There was also a 2-fold increase in TGF-␤1 mRNA levels in the HF group compared with the LF group (PϽ0.05). At 14 days, TGF-␤1 mRNA levels in the HF group declined and approached those levels in the NF and LF groups.
TGF-␤1 Protein Levels
Active TGF-␤1 levels in the U-controls were 0.35Ϯ0.03 ng/mg protein. At 3 and 7 days after injury, active TGF-␤1 levels were increased by 3-fold in the NF group (1.0Ϯ0.02 and 1.0Ϯ0.3 ng/mg protein, respectively) and by 3-and 5-fold in the HF group (1.0Ϯ0.1 and 1.8Ϯ0.2 ng/mg protein, respectively) compared with U-controls (PϽ0.05). The increased values in the HF group were also 2.5-fold greater compared with those in the LF group (0.4Ϯ0.07 and 0.7Ϯ0.1 ng/mg protein, respectively; PϽ0.05). Active TGF-␤1 levels in the HF group were increased by Ϸ2-fold compared with the levels in the NF group at 7 days (1.8Ϯ0.2 versus 1.0Ϯ0.3 ng/mg protein), yet the differences were not statistically significant. At 14 days, active TGF-␤1 increased in the LF group to 1.3Ϯ0.1 ng/mg protein and declined in the HF group to 1.2Ϯ0.2 ng/mg protein, approaching the NF group values (1.1Ϯ0.2 ng/mg protein). The values of all flow groups remained significantly greater than U-control values (PϽ0.05); however, no significant differences were observed among the various flow groups at this time point ( Figure 4A) .
A similar trend was also found in the total TGF-␤1 levels (active plus latent), with a 2-fold increase in the HF group compared with the LF group at 3 and 7 days. However, these changes were not statistically significant compared with U-control and NF group values ( Figure 4B ).
Immunolocalization of TGF-␤1
Immunostaining of TGF-␤1 is shown in Figure 5 . In the uninjured CCA, TGF-␤1 was mainly localized in the endothelial layer, with minimal medial and adventitial immunostaining ( Figure 5A ). Seven days after injury, TGF-␤1 staining was present in the CCA throughout the media and adventitia ( Figure 5C ). In the CCA subjected to LF conditions, TGF-␤1 was evident within the neointimal VSMC cytoplasm and surrounding ECM, whereas staining was minimal throughout the media and adventitia ( Figure 5E ). In contrast, heavy immunostaining of TGF-␤1 was present in the CCA subjected to HF conditions and was preferentially localized in the abluminal VSMCs and throughout the media and adventitia ( Figure 5G ). At 14 days, TGF-␤1 staining was present in all flow groups, with no discernible differences in localization patterns ( Figure 5D [NF], 5F [LF], and 5H [HF]). Sections incubated with PBS (negative controls) did not exhibit any immunoreaction ( Figure 5B ).
Discussion
The results of the present study indicate that at 3 and 7 days after experimental mural injury, TGF-␤1 mRNA and protein levels are markedly increased in those arterial segments subjected to HF but not in injured arterial segments subjected to LF. At 14 days, TGF-␤1 mRNA and protein levels were not different between the LF and HF groups, yet they remained elevated above U-control values. Early increase in TGF-␤1 may retard the migration of medial VSMCs and their Figure 3 . A, Northern blot analysis for TGF-␤1 mRNA in U-control and injured arteries under NF, LF, and HF conditions for 3, 7, and 14 days. Ethidium bromide staining of 18S rRNA bands indicates loading conditions. B, Densitometric analysis of the blot. Relative mRNA levels for each group were determined by densitometry and were normalized to the density of the 18S rRNA band. Densities were compared in each case (nϭ4) with U-control bands, and data were expressed as a fold of the U-control values. At 3 and 7 days, there was a 2-fold increase in TGF-␤1 mRNA levels in the HF group compared with the U-control and LF groups, and there was an Ϸ20% increase in the HF group compared with the NF group. At 14 days, TGF-␤1 mRNA levels were not different in all flow groups, and these levels were similar to control levels. *PϽ0.05 compared with U-controls; ∧ PϽ0.05 compared with LF group. subsequent proliferation in the intima; critical cellular events in the development of injury induced intimal thickening. Such findings additionally substantiate the tenet that relative increases in flow and shear are inhibitory to the intimal hyperplastic response after mural injury.
HF and elevated shear stress have been previously shown to modulate TGF-␤1 synthesis and activation. Cucina et al 11 reported that increasing shear stress induces release of TGF-␤1 by arterial endothelial cells in a concentration inhibitory to VSMC proliferation. Ohno et al 26 also demonstrated that exposure of cultured endothelial cells to increased steady laminar shear stress (20 dyne/cm 2 ) induced biologically active TGF-␤1. This increase in active TGF-␤1 was associated with a sustained increase in TGF-␤1 mRNA expression. Ueba et al 27 also found identical results in cultured bovine VSMCs. In their study, VSMCs exposed to shear stress levels of 28 dyne/cm 2 for 24 hours demonstrated a 2-fold increase in TGF-␤1 gene expression. Additionally, the levels of both latent and active forms of TGF-␤1 in conditioned media of VSMCs were elevated. Furthermore, an anti-TGF-␤1 antibody reversed shear-induced inhibition of VSMC growth. Increased in vivo TGF-␤1 by HF in the present study is consistent with the above reported in vitro investigations.
Migration of VSMCs from the media to the intima and remodeling of ECM are principal events in arterial wall intimal thickening. VSMC proliferation occurs in 1 to 3 days and is greatest between 2 and 7 days after injury. 28 Proliferating and nonproliferating VSMCs migrate across the intimal elastic lamina into the intima during this time. After 2 weeks, the smooth muscle cell content of the arterial wall does not appear to change, but matrix production continues, resulting in intimal thickening. 29 Hemodynamic forces have been shown to modulate intimal hyperplasia (IH) at regions prone to atherogenesis 30 and to restenosis after percutaneous transluminal coronary angioplasty 31 by regulation of VSMC proliferation 32 and migration. 6 Kohler and Jawien 6 showed that early IH is increased when flow is reduced after balloon injury of the rat carotid artery. Their study suggests that enhanced flow attenuated VSMC migration more than proliferation, suggesting that VSMC migration affected more than smooth muscle cell growth by flow. Chen et al 33 reported similar findings indicating that reduced blood flow accelerates IH in endarterectomized canine arteries. In their experiment, this advanced IH response was associated with a relatively increased ECM component.
VSMCs in vivo are surrounded by and embedded in ECM; therefore, ECM degradation and remodeling are essential to VSMC migration to subendothelial space. We have previously studied flow regulation of MMP-2, a critical MMP known to degrade the subendothelial basement membrane. 14 We found that LF upregulated and HF inhibited injuryinduced MMP-2 mRNA and MMP-2 activity. The role of flow in these experiments appeared to override the MMP response to injury. Such increased MMP-2 activity may facilitate migration of the VSMCs and the subsequent development of intimal thickening. TGF-␤1 is an important modulator of MMPs and thus plays a key role in matrix degradation. 34 It has been recently reported that a TGF-␤ inhibitory element is found in the promoters of several genes that are downregulated by TGF-␤, including urokinase, elastase, and collagenase. 35, 36 Thus, HF-enhanced and elevated shear stress-enhanced TGF-␤1 would favor ECM synthesis by inhibiting MMPs. Conceivably, matrix stabilization would impede the migration of medial SMCs into the intima, thereby attenuating early intimal thickening.
Another fundamental observation is that alteration in blood flow and shear may regulate vessel wall dimension. Zarins et al 37 demonstrated that an increase in blood flow produced by creating an arteriovenous fistula in an atherogenic model resulted in arterial dilatation and normalization of WSS. Langille and O'Donnell 38 documented a 21% decrease in the diameter of the rabbit CCA 2 weeks after flow was reduced by 70%. These data implicate an adaptive response that tends to maintain a constant shear stress at the vessel wall. In the present study, we found a 4-fold increase in cross-sectional intimal area in the LF group compared with the HF group at 14 days after injury. Increased intimal area resulted in a reduction of luminal area and radius in the LF group and a concomitant increase in WSS. This was associated with elevated TGF-␤1, which may contribute to the expansion of the ECM in late intimal thickening. On the other hand, WSS was reduced by 25% to near baseline levels in the HF group . TGF-␤1 protein levels in U-control and injured carotid arteries under NF, LF, and HF conditions at 3, 7, and 14 days. A, Active TGF-␤1 levels. At 3 and 7 days, active TGF-␤1 levels were increased by 3-fold in the NF group and by 3-and 5-fold in the HF group compared with U-controls. The increased values in the HF group were also 2.5-fold greater compared with values in the LF group at 3 and 7 days and were 2-fold greater compared with values in the NF group at 7 days. At 14 days, active TGF-␤1 increased in the LF group, declined in the HF group, and approached the NF group values. The values of all flow groups remained significantly greater than U-control values; however, no significant differences were observed among the flow groups. *PϽ0.05 compared with U-controls; ∧ PϽ0.05 compared with the LF group. B, Levels of total TGF-␤1 (latent plus active form). Similar trends were also found in the total TGF-␤1 levels, with 2-fold increase in the HF group compared with the LF group at 3 and 7 days; however, these changes were not statistically different.
as a result of arterial dilation. It is our contention that the convergence of TGF-␤1 mRNA and protein levels in the LF and HF groups at 2 weeks is related to such adaptive dimensional responses.
Increased activity of TGF-␤1 may be related to flow modulation of regulatory proteins involved in release of the active growth factor from its latent complex. Such mechanisms of activation include plasmin or thrombospondin-1 plus other nonspecific stimuli, such as extremes of pH, heat, or chaotropic agents. It has been reported that elevated shear stress enhances tissue plasminogen activator gene expression, which converts plasminogen to plasmin, in cultured VSMCs and that it is concomitant with increased activation of TGF-␤1. 27 Thrombospondin-1 has been found to be a major activator of TGF-␤1 in vivo. 39 Histological abnormalities in young TGF-␤1 null and thrombospondin-1 null mice were strikingly similar in 9 organ systems. Lung and pancreas pathologies were similarly induced in wild-type pups by systemic treatment with a peptide that blocked the activation of TGF-␤1 by thrombospondin-1. To date, however, the relation between flow and vascular thrombospondin-1 activity is unknown. The mechanisms underlying flow-induced and shear stress-induced activation of TGF-␤1 in vivo deserve further study.
Recently, a shear stress-responsive element (SSRE) was proposed in several pathophysiologically relevant genes. For example, SSRE (core binding sequence GAGACC) has been found in the promoter of the human PDGF-B chain gene, which interacts with DNA binding proteins in the nuclei of shear-stressed endothelial cells to upregulate transcriptional activity. 40 A sequence that is complementary to the putative SSRE described within the PDGF-B chain promoter is present at position Ϫ1219 in the human TGF-␤1 promoter. 41 Ohno et al 26 have further postulated the existence of different novel SSRE cis and trans elements within the TGF-␤1 promoter, which are modulated by K ϩ channel activity. These shear-responsive genetic regulatory elements and their trans activity may suggest a potential mechanism by which the HF-induced and related shear stress-induced TGF-␤1 is regulated at the transcriptional level. A recent study by Topper et al 42 reported that 2 genes, Smad6 and Smad7, encoding members of the MAD-related family of molecules, were selectively induced in cultured human vascular endothelial cells by steady laminar shear stress. MAD-related proteins are intracellular proteins that are thought to be essential components in the signaling pathways of the serine/ threonine kinase receptors of the TGF-␤ superfamily. Immunohistochemistry of TGF-␤1 in the uninjured rabbit carotid artery (A) and injured arteries subjected to NF (C and D), LF (E and F), and HF (G and H) conditions at 7 days (C, E, and G) and 14 days (D, F, and H). TGF-␤1 was mainly localized in the endothelial layer, with minimal medial and adventitial immunostaining in the uninjured artery (A). Seven days after injury, TGF-␤1 staining was present in the CCA throughout the media and adventitia (C). In the CCA subjected to LF conditions, TGF-␤1 was evident within the neointimal VSMC cytoplasm and surrounding ECM, whereas staining was minimal throughout the media and adventitia (E). In contrast, heavy immunostaining of TGF-␤1 was present in the CCA subjected to HF conditions and was observed throughout the media and adventitia (G). At 14 days, TGF-␤1 staining was enhanced in all flow groups, with no discernible differences in localization patterns ( In summary, we have demonstrated that increased blood flow and shear stress enhance in vivo TGF-␤1 expression and activation at 3 and 7 days after experimental arterial injury. At 14 days, shear stress declined to near baseline values, resulting in downregulation of TGF-␤1 transcription to levels similar to U-control levels. Elevations of TGF-␤1 in the present study appear to be relatively lower compared with previous observations by Majesky et al. 43 This is likely related to deferring techniques; in the control groups of Majesky et al, the endothelium, which is rich in TGF-␤1, was stripped, in contrast to the present study, in which it was preserved. Nonetheless, it is our contention that because TGF-␤1 is a potent cytokine, modest alterations in its tissue concentration can greatly modulate the VSMC proliferative and matrix-remodeling responses. Our results indicate that flow-and shear-mediated release of TGF-␤1 is a critical mechanism in abrogating the proliferative and migratory response of VSMCs in the early stages after mural injury and thereby attenuates the mural healing response to injury. Mechanical force transduction of TGF-␤1 may therefore constitute an important pathway for the adaptive and remodeling response of the injured vessel wall to altered shear forces.
